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Refraction data  from a three dimensional multicomponent (3D - 3C) seismic 
survey at South Casper Creek oil field, Wyoming, were analyzed in an attem pt to 
explain why the shear data was of poorer quality than  the compressional data. In-line 
and azimuthal analysis of S-wave refraction data  document a 9 % average shear-wave 
velocity anisotropy at the refractor level. This velocity anisotropy is interpreted 
to be related to the presence of horizontal fractures concentrated near the top of the 
anticlinal structure, in the refractor. The existence of horizontal fractures is explained 
by the unloading of the upper stra ta  on top of the structure. Previous studies in the 
area have suggested that these fractures could have been produced by stress relief 
due to the uplift. W hatever difficulties may exist for imaging the P-wave data  are 
compounded for the shear-wave data by the presence of these possible fractures.
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The main goal of the Reservoir Characterization Project (RCP) of the De­
partm ent of Geophysics, Colorado School of Mines, has been to characterize reser­
voirs through 3D multicomponent seismology. This project, has been funded by a 
consortium of many companies in its different phases.
Geophysical, geological and petroleum  engineering methods and technologies 
are integrated to accomplish this general goal. RCP has benefited from the interac­
tion of different individuals, bringing to the Project their different contributions and 
expertise.
The contribution of a geophysicist to RCP can be in three main aspects: seis­
mic data  acquisition, processing, and interpretation. Other activities th a t can be also 
developed by geophysicists, also fall in a common area with geology and petroleum 
engineering. I refer to well log analysis and interpretation. Clearly, the better the 
quality of data, the more accurate will be the representation of the subsurface. Here 
is where three-dimensional (3D) seismic data  acquisition plays an im portant role.
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One of the main advantages of 3D compressional data is its prospect for providing 
the best imaging of the subsurface. But, why use 3D - 3C (three component) data 
acquisition? The reason for also acquiring and interpreting shear waves is tha t it has 
been demonstrated tha t shear waves may better recognize the presence of fractures 
(D avis and Lewis, 1990).
To date, RCP has conducted three 3C vertical seismic profiles (VSP) and 
two 3D-3C surface seismic surveys. In Silo Field and South Casper Creek Field, 
Wyoming, i.e., phase II and III of this project, both 3C VSP and 3D-3C seismic 
acquisition have been obtained. Recently, a 3C VSP was performed in Cedar Hill, 
New Mexico, as part of phase IV. The objective of the studies in these three fields 
has been to characterize the oil-producing Niobrara Cretaceous chalk and Tensleep 
Pennsylvanian eolian sandstone and the gas methane producing Fruitland Formation 
(Cretaceous coal beds), respectively.
Using VSP data, Naville (1986) showed s-wave polarization and splitting as a 
result of the azimuthal anisotropy caused by parallel vertical fractures. A vertically 
propagating shear-wave splits into two polarized waves when it enters a fractured 
zone. The result is a fast component with particle motion parallel to the fracture 
direction and a slower one perpendicular to the fractures.
Davis and Lewis (1990), from 3D-3C seismic data recorded in Silo Field, used 
the time delay between the arrivals of shear components at the level of the Niobrara
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chalk to estim ate the anisotropy. They related the anisotropy values to the presence 
of vertical fractures in the chalk interval.
My research addressed the possibility that anisotropy might produce a degra­
dation of the shear-wave with respect to the p-wave data.
The objective of this thesis is:
Document refractor anisotropy in the subsurface at South Casper 
Creek Field.
While this thesis was being developed, additional acquisition was being con­
ducted by UNOCAL to explain the near-surface wave propagation. Those data  are 
currently being studied by Rob Kendall.
This thesis has been organized in the following way. Chapter 2 includes in­
formation about the 3D-3C seismic acquisition, particularly the field geometry pa­
rameters. Chapter 3 describes the in-line analysis and the methods used to compute 
and assign velocity values to the refractor. Several contour maps were generated. 
Compressional-to-shear velocity ratios were also computed and mapped with the pur­
pose of showing tha t a similar method can be used to determine the Poisson ratios. 
Chapter 4 describes the azimuthal analysis performed with the limited offset ranges 
th a t the geometry allowed. Chapter 5 analyzes the results obtained in the previous 
two chapters and also gives the conclusions of the thesis.
No chapter or section about structural geology, stratigraphy, or oil production
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data of the South Casper Creek field has been included because it would be a repeti­
tion of the previous work of Tanean (1991), and Vealey (1991). The reader is referred 
to these two studies, in particular their observations about fractures and faulting at 
Tensleep sandstone interval in the South Casper oil field and at the Alcova outcrop, 
respectively. I also refer the reader to the structural interpretation of Benson (1991).
I concluded tha t anisotropy documented in the  near surface appears to be 
related to horizontal fractures at the refractor level. This conclusion coincides with 
th a t in the UNOCAL report by Cameron (1991).
I consider that anisotropy complicates two problems mentioned by Anno (1988) 
related to shear waves, one impacting processing and the other interpretation. He 
pointed out tha t shear-wave statics are critical to producing stacked sections of dis­
tinct and continuous reflections. These reflections must be correctly related to their 
p-waves counterparts.
Fracturing of the bedrock makes the acquisition,processing and imaging of 
shear data difficult because of shear wave splitting and polarization differences tha t 
may occur in the near surface. Seismic modeling of the compressional and shear 
wave propagation should be applied using the available information about the range 
of velocities for the refractor obtained in this thesis. Anisotropic seismic modeling, 
in general, helps to understand the seismic response of the real data. The goal of 
this modeling is to provide general guidelines for processing and interpreting data
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recorded in the presence of anisotropy. The seismic response of these models should 
be compared with the results obtained in this study.
It is possible that traditional statics and stacking or binning processes need to 
be modified to deal with shear data  in these type of conditions. Firstly, polarization 
studies need to be conducted to study anisotropy of shear waves in the near surface. 
Secondly, the possible variation of polarization with offset within 3D space needs to 
be studied from receiver gathers. In media of orthorhombic anisotropy symmetry 




3D - 3C SEISMIC DATA ACQUISITION
A description of the three dimensional - three component seismic data  acqui­
sition in South Casper Creek field follows. The seismic data shown in Chapters 3 and 
4 correspond to a small portion of this data set.
The 3D - 3C seismic survey was planned and performed during Phase III of the 
Reservoir Characterization Project (RCP), with data  acquisition done by Northern 
Geophysical of America (NGA). Field operations were carried out during October 
1989 and the seismic acquisition took about two weeks.
The information tha t appears here has been extracted from two reports (North­
ern Geophysical, 1991) and (Windels and Czarnecki, 1991) and also includes personal 
knowledge obtained from my work at Golden Geophysical and from the 3D-3C pro­
cessing weekly meetings.
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T ab le  2.1: Geometry parameters used in the 3D-3C survey at South Casper Creek 
field.
Geometry parameters Distance in ft
Separation between receiver lines 800
Group interval 100
Shot (vibration point) interval, in-line 200
Shot interval, cross-line 100
Offset, farthest 5052
Offset, nearest 70
2.1 S u rv ey  g e o m e try  p a ra m e te rs
The seismic-grid layout on the south dome of the South Casper Creek field 
covered a rectangular area of approximately 3900 by 6400 feet. The orientation of 
the  grid was N2A°E  along its longer dimension (see Figure 2.1).
Nine receiver lines were oriented approximately parallel to the axis of the 
anticlinal trend, i.e., N56°W .  This direction will be referred alternatively as x, in­
line, or strike during this study. Every receiver line had 40 stations.
The geometry parameters have been summarized in Table 2.1.
2.2 R e co rd in g  p a ra m e te rs
An I/O  recording system I consisting of 606 channels (six auxiliary channels) 
was used during the data  acquisition. The survey generated 1,628,400 demultiplexed 










F ig u re  2.1: Base map of the 3D-3C seismic, South Casper Creek Field. Shot and 
receiver locations, receiver lines and x (in-line) and y (cross-line) direction are shown.
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4 s. The stacking and correlation of sweeps was performed in the field.
Single 0 Y 0  3C geophones, located at every receiver station, recorded compres- 
sional and two perpendicular shear components, in-line and cross-line. The energy 
source consisted of compressional and shear MERTZ vibrators, Model 13, 40,000 lb 
units with 30,900 lb peak force and Model 18, 40,000 lb units with 44,250 lb peak 
force, respectively, both of them  with Pelton Advance I model 5 electronics.
The p-wave source consisted of eight sweeps per vibration point, 8 s per sweep, 
with a frequency range of 16-120 Hz. The s-wave source used 8 or 12 sweeps, a sweep 
length of 12 s, with a frequency range from 8 to 80 Hz.
The recording filter parameters were: 180 Hz 75 db/oct and 120 Hz 75 db/oct, 
high-cut for the p- and s-wave vibroseis respectively; 3 Hz 12 db /oct as a low-cut for 
all vibroseis; and Hi-line Pickup Eliminator (HPE) on 60 Hz.
The survey was organized in five patches. Each patch consisted of five live 
receiver lines. Patch 1 was composed of Lines 1 to 5 and shots located between Lines 
1 and 2 and 4 and 5; Patch 2 included Lines 2 to 6 and shots between Lines 2 and 
3 and 5 and 6, etc. Some extra shots were also located in other positions during the 
da ta  acquisition.
Each receiver line had 40 station locations and 40-3C geophones. This means 
120 channels per line were distributed as follows: 40 channels from vertical geo­
phones, 40 channels from s-wave in-line horizontal component (Hx) geophones, and
T-4088 10
40 channels s-wave cross-line horizontal component (Hy) geophones. Having single 
3C geophones, i.e., no geophone array at every receiver location, increases time reso­
lution on picking head-waves at the expense of lowering the signal-to-noise ratio when 
head-waves and groundroll arrived close together in time.
Each shot station was recorded three times : p-wave vibrator source, s-wave 
vibrator source with Hx orientation and s-wave vibrator source with Hy orientation.




The purpose of this analysis is to determine the distribution of shear and 
compressional velocities of the bedrock in the area where the 3D-3C data  were ac­
quired. These velocity values then allow me to estimate the degree of anisotropy of 
the  medium using a relationship between the estimated velocities of the shear com­
ponents. D ata provided by the 3D-3C seismic reflection acquisition were used in this 
analysis. First arrivals were picked and then velocities were computed. A detailed 
explanation of the different stages for this analysis and results follows.
3.1 D a ta  se lec tion  (so rtin g )
As mentioned in Chapter 2, nine receiver lines, 40 stations per line, each with 
three-component (3C) geophones, were used during the 3D-3C seismic acquisition. 
The recording was organized in five different patches consisting of five consecutive 
receiver lines. The shots were located between the first and second, and fourth and 
fifth receiver line of the patch.
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For each receiver line, just the data  corresponding to the closest shot lines on 
either side of the receiver line were used for the velocity analysis (see Figure 3.1). 
This choice would minimize the influence of azimuth on the velocity determination.
Three data  sets were prepared. These have the same source and receiver type, 
i.e., both sources and receivers were either in-line or shear(x), cross-line or shear(y) 
and compressional.
3.2 Picking first arrivals
The data  were sorted and transferred to a PC for applying the Green Mountain 
Package (GMP) in the determination of the first breaks or first arrivals.
The selected records show one-end and split-spread geometries, the latter vary­
ing from symmetrical, when the shot is at the center of the receiver line, to asymmetri­
cal, when the shot moves towards any of the two ends of the receiver line. Figure 3.2 
shows p-wave records corresponding to shots 1, 7 and 15 located at the left end, 
center, and at the right end of Line 1.
The data  quality in the first arrivals is good for the p-waves, and for the y- 
component of shear, but fair to poor for the x-component (see Figures 3.2, 3.3, and
3.4 showing data  from shot records 1, 7 and 15 of Line 1).
The criterion for picking the first arrivals was to use the strongest peak with 


































Figure 3.1: Sketch showing the shot and receiver locations for Line 2 in the in-line 
analysis. 
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F ig u re  3.3: Shear(y)-wave records corresponding to shots 1, 7, and 15 located at
the left end, center and right end, respectively, of the receiver Line 1.
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F ig u re  3.4: Shear(x)-wave records corresponding to shots 1, 7, and 15 located at
the left end, center and right end, respectively, of the receiver Line 1.
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The first-break picking started at the south end of the area, i.e., records corre­
sponding to receiver Line 1. W ith the sorting procedure described previously, Lines 1 
and 9, the SW and NE borders, respectively, of the prospect area, had records located 
on only one of their sides. Lines 2 through 8 , in contrast, include shots on both sides 
of them.
During the first-break picking, two methods of quality control were used for 
consistency record-to-record. The first method consisted of keeping on display, as a 
reference, the picks of the previous record; and the second one was to compare records 
with the same geometry and offset, but with the shots located on different sides of 
the receiver line. We should expect similar arrival times for equivalent traces of the 
two records. The comparison between compressional and shear wave arrival was also 
used as a reference for establishing how accurate was this first-break determination.
658 shot records were used in the analysis, with an average of 24 shots per line 
and wave type. Table 3.1 shows the number of shot records per line and per wave 
component.
3.3 Data handling
O utput data from the GMP, containing first arrival times and geometry in­
formation, were reformatted from binary to ASCII using an option of this software. 
The new data were then transferred from a PC to the VAX for editing. Twenty seven
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T ab le  3.1: Number of shots records per line and wave type used in the refraction 
analysis.
Line No. Compressional Shear(x) Shear(y)
1 15 15 15
2 27 27 27
3 27 27 27
4 29 29 29
5 37 37 37
6 29 29 28
7 24 24 22
8 25 26 25
9 8 6 7
files, three for every type of wave per line, were prepared for computing offsets and 
generating time distance (t-d) graphs.
3.4 M e th o d s  A p p lied  in th e  R e fra c tio n  A naly sis
Two methods were implemented to obtain the data  for generating t-d  graphs. 
These two methods were applied to every receiver line of the prospect and for the 
three components. The first one has been named Real Offset and the second one 
Projected Distance.
3.4.1 R ea l O ffset
Actual shot-receiver offsets were computed using Fortran program  P R 0 G 1 .F 0 R  
(listing appears in Appendix A). The output (time and offset pairs of values) were
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then used to generate the t-d graphs.
Examples of the t-d graphs using this method are shown in Figures 3.5 (p- 
waves), 3.6 (shear(y)-waves), and 3.7 (shear(x)-waves) corresponding to Line 5. 
These graphs show the shot locations at 0 or at 4020 ft, depending on whether the 
shot was located to the left or to the right of the station. In other words, data 
corresponding to shots located at both ends of the receiver line will be displayed 
at their true locations. On the other hand, when the shot is located between the 
receivers, it will be as if there are two shots; one on the left end of the graph (0 ft) 
and the other on the right end of the graph (4020 ft), with increasing offset data 
mapping to the right and to the left of the shot location, respectively.
Twenty-seven figures in total were generated for showing the three components 
and nine lines. Those not shown here are available in the RCP files.
The t-d  graphs allowed me to verify tha t the near receivers were not close 
enough to the source to get information about the weathering thickness. I was in­
terested in the velocity of the refractor (bedrock) then I computed such velocities 
using the t-d  pairs of values from the available offsets. From the t-d  graphs, it was 
established tha t the most accurate first-break picks were the ones coming from the 
stations with offsets between 500 and 2000 ft. The presence of a single refractor was 
also clear in this offset range because of aconstant slope in the t-d  graph.
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F ig u re  3.5: Time-distance (t-d) graph for compressional data  Line 5 using the Real 
Offset method. Shots (37) are located along the receiver line and they appear at 
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F igure 3.6: Time-distance (t-d) graph for shear(y) da ta  Line 5 using the Real Offset
method. Shots (37) are located along the receiver line and they appear at 0 or 4020
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Figure 3.7: Time-distance (t-d) graph for shear(x) data  Line 5 using the Real Offset
method. Shots (37) are located along the receiver line and they appear at 0 or 4020
ft depending on whether the shot is to the left or right of the receivers, respectively.
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of the refractor using the above mentioned offset range. This program generates 
several output files during its execution: time-distance files for every shot specifying 
negative distances (negative slopes) when the shot is to the right of the  receivers 
(SE) and positive (positive slopes) to the left (NW), velocity files obtained from the 
time-distance files, and plot files tha t will be used for plotting the t-d  graphs.
This program uses the subroutine RLINE of the IMSL Library package, avail­
able in the VAX computer at the CSM Computer Center, to do linear regression to 
estim ate velocities of the first refractor.
Table 3.2 shows average velocity values obtained for each line. These values 
have been obtained by averaging the velocity computed for every shot in a line, 
w ithout assigning them to specific coordinates. These average values give us an idea 
of the magnitude of the velocities for the p-wave and the two perpendicular shear 
components. W ith the exception of Line 2, in-line (x) shear velocities are slower than  
cross-line (y) shear velocities.
3.4.2 Projected Distance
This method, which has the advantage tha t the shots are located closer to 
their real locations on the t-d graph than  in the case of the Real Offset m ethod, has 
been implemented here primarily for quality control of the first-break picking from 
shot to shot.
Fortran program P R 0 G 2 .F 0 R  (see Appendix A) was written to compute the
T-4088 24
T ab le  3.2: Average compressional, shear(x) and shear(y) velocities for the refractor 







1 9374 4025 4335
2 9378 4024 3763
3 9947 4233 4586
4 9705 4166 4367
5 8801 4185 4495
6 9897 4080 4729
7 9605 3940 4616
8 9907 4354 4636
9 10730 4267 3974
projected coordinates of the shot points onto the receiver lines and also to obtain the 
offset distance from these to every one of the receivers. The zero distance for the t-d 
graphs is the projected location of the western-most shot for the line. This projected 
shot, normally shot number 1 of the line, is considered the reference one,in distance, 
relative to which all the other shots and trace locations are computed.
Examples of graphs of generated t-d graphs for every line and for all three 
components are shown in Figures 3.8 (p-waves), 3.9 (shear(y) waves), and 3.10 
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F ig u re  3.8: Time-distance (t-d) graph for compressional data  Line 5 using Projected
Distance method. Shots (37) are located along the receiver line and they are displayed
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F ig u re  3.9: Time-distance (t-d) graph for shear(y) da ta  Line 5 using Projected
Distance m ethod. Shots (37) are located along the receiver line and they are displayed
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Figure 3.10: Time-distance (t-d) graph for shear(x) data Line 5 using Projected
Distance method. Shots (37) are located along the receiver line and they are displayed




■4 44 4 4 





4 4 44 H 
4*4 444* 4




44 4 44 4
4 4 A 44 44 4
 44 4H 4 4
4  ̂ 4 44 4 44 4 44 
4 4-4 4
4 44 * *4 4 44*4
H 4 4 4
4 4 4 4










4 4 4 4444
+4 44 *4 4 4 4-
4 4 44- 44* 44 4
4 4-4 4 A



















10 X  
co
T-4088 28
3.5 Areal Distribution of Velocities
Dr. William Schneider (verbal communication) suggested to estim ate the re­
fractor velocities along each line using a least-square procedure th a t estimates local 
slope of the t-d curve across a moving window of a certain width or numbers of points, 
and then assign the velocity value to the center point of tha t window. The process 
continues until all receiver points of the line have been used. Then, this procedure is 
repeated for all the shots in the receiver line. Since, several velocity values, associated 
with the different shots, are obtained at any given receiver location, the final step is 
just use an averaging procedure to get just one velocity value per station, or receiver 
location.
Figure 3.11 is a sketch of the velocity-estimation procedure. A sliding window 
of five receiver stations (400 ft) long was chosen. This same window length was used 
throughout the area and for all wave types analyzed. I chose a window with an odd 
number of points so as to assign the estim ated velocity to a known coordinate, i.e., 
the center of the window. I chose to use five points to perform the least-square fit as 
a compromise between stability and resolution in the computed velocity values.
Two methods have been implemented to determine the areal distribution of 
velocities. The methods, which differ in the averaging procedure, are median and 
mean computations. The median average method was used as an alternative to the 




F ig u re  3.11: Estim ation procedure applied to compute the velocity of the refractor. 
$i(x,y,z)=source i; Rj(x,y,z)= receiver j; d =  distance; and X, Tij, and V(x,y,z) cor­
respond to offset from source to center of the window, first arrival time, and velocity 
assigned to the station at the center of the window.
mean median
or M 'S lv n(x>y>z)l
n = l
v ( X, y )
-S-------B -------□ ------B -------B ------B ------B ------B -------B ----- B-
a -------B -------B ------B -------B ------B ------B ------B -------B ----- B-
F ig u re  3.12: Averaging velocity at every receiver location. V(x,y): average (median 
or mean) velocity at a certain receiver or station; and V n(x,y)= velocity at receiver 
location using shot n.
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contains outliers.
Figure 3.12 is a sketch of the averaging procedures used to obtain a unique 
velocity value at every station or receiver location.
3.5.1 Median Average Method
Fortran program PROG3.FOR (listing in Appendix A) has been written for 
computing velocities of the refractor at the center location of a sliding five-point 
length window that moves along the receiver line and also for averaging the velocities 
at every receiver location through the median computation. This program uses as 
input the modified Green Mountain Package (GMP) output files containing the shot 
and receiver coordinates, and time-distance pairs of values.
Three subroutines: RLINE (IMSL Library), SORT, and XMEDIAN, respec­
tively allow computation of the velocities through a least-square procedure, sorting of 
the computed velocity values at every receiver location from minimum to maximum, 
and computation of the median velocity at tha t location.
The median of a set of numbers, arranged in order of magnitude in an array, 
is defined as either the middle value or the arithmetic mean of the two middle values. 
The choice will depend on whether the number of velocity values is odd or even, 
respectively.
The velocity values obtained were gridded and then plotted to give compres­
sional, shear(x), and shear(y) areal distribution of velocities, as shown in Figures 3.13,
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3.14, and 3.15. These maps were obtained using the Surfer contouring program.
The gridding of the data was done using the Krigging or Krigeage method. 
The parameters used were: grid size =  100 x 100 ft , search radius =  1000 ft , search 
m ethod =  octant, and number of nearest points =  10.
From the maps, Figures 3.13 to 3.15, it can be observed tha t the p-wave 
velocities go from 8000 to 12500 ft/s , the shear(y) from 3000 to 6500 f t/s  and the 
shear(x) from 3000 to 5000 ft/s . The shear(x) waves show a lower velocity than the 
shear(y) waves.
3.5.2 Mean Average Method
Fortran program PROG3A.FOR (listing in Appendix A) is a modified version 
of PROG3.FOR whose only difference is tha t it computes the mean velocity at the 
receiver locations, instead of the median.
The arithm etic mean, or mean, of a set of N  numbers Vi, V2> • • • > Vn denoted 
by V, is defined as
N
V  = (Vi +  V2 +  • ■ • +  VN ) /N  =  (J2 V j) /N  (3.1)
3- 1
The velocity values obtained in this way were also gridded and plotted, giving 
the compressional, shear(x), and shear(y) areal distributions of velocities shown in 
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F ig u re  3.13: Areal distribution of p-waves velocities, median average computation
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F ig u re  3.14: Areal distribution of shear(y)-waves velocities, median average com­
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F ig u re  3.15: Areal distribution of shear(x)-waves velocities, median average com­







touring program and the same gridding and contouring parameters as for Figures 3.13,
3.14, and 3.15.
The range and areal distribution of velocity values obtained with the mean 
average m ethod, for the three type of waves, are similar to those obtained using 
the median average method. The similarity in results for the mean and median 
computations tells us tha t outliers were not much of a problem in the data. Since 
both  methods accomplished the goal of obtaining an areal distribution of velocities, I 
decided to continue dealing just with one of them  - the mean averaged velocity values.
3 .5 .3  C o m m e n ts  a b o u t M ap s o f A rea l D is tr ib u tio n  o f V elocities
Some considerations need to take into account when we analyze the velocity 
maps, primarily the p-wave velocity map (see Figure 3.16):
- The fact that the contour plot of p-wave velocity showed the most ex­
treme variation (i.e., tight circular contours - bulls eyes) while the plots of 
shear(x) velocity were the smoothest, despite the poor quality of shear(x) 
refractions can be explained as follows:
The p-wave data  were good enough to pick first arrivals in all the 
traces of the spread. The shear(x) data, however, were of such poor 
quality th a t in some records just a few records could be picked. The 
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F ig u re  3.16: Areal distribution of p-waves velocities, mean average computation
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F ig u re  3.17: Areal distribution of shear(y)-waves velocities, mean average compu­
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Figure 3.18: Areal distribution of shear(x)-waves velocities, mean average compu­







positions of the sliding window where five points are picked. When less 
than five picks per window position were found, no estimation of velocity 
is performed. Empty spaces in the input values then result in artificially 
smoother variation in the gridding estimation and therefore in the subse­
quent autom atic contouring.
- The bulls eyes in the contoured p-wave velocity are due to strong 
velocity changes between neighbouring points on the same receiver line. 
These huge velocity changes are produced by scattering of the data  along 
the general trend on the t-d graph. These anomalous values can be pro­
duced by any of several factors : (a) noisy traces, (b) not having performed 
elevation corrections to the data, and (c) lithological changes along the 
receiver line. Noise was mostly produced by the operation of pumps in 
this oil field. One of the ways of suppressing these bulls eyes would have 
been to edit the data prior to the gridding. Another solution would have 
been to increase the length of the sliding window for the  velocity estima­
tion of the refractor. This would have smoothed the velocity variation, 
taking out the high frequency involved in the noisy data, also reducing the 
number of points with velocity estimation in every receiver line. The bulls 
eyes on the contour map should then be addressed with caution during 
the analysis of results, while they may reflect the trend of the  values but
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not necessarily the velocity value at th a t location.
- The consistent trend perpendicular to the strike of the subsurface 
structure shown in Figures 3.16 to 3.18 was also seen on a weathering 
thickness map obtained at Golden Geophysical during the processing of 
the 3D-3C data. A channel feature was observed in the western part of 
the area at approximately the same location shown by the low-velocity 
trends on velocity maps mentioned previously.
3.6 Relative Dispersion (Variation) of Velocity Values
Recall tha t the computed velocity values were averaged to obtain a unique 
velocity value at the receiver location. The question tha t now arises “How much 
variation exists for the unaveraged velocity values at a receiver station?”
Dispersion, or variation of the data, can be defined as the degree to which 
numerical values spread out about an average value (Spiegel, 1988).
Standard deviation will be used as an estimate of the dispersion of the velocity 
values. The standard deviation (s) of a set of numbers Vi, V2 , V3, . . . ,  Vjv is defined by
\
E W - V ) 2/ N ,  (3.2)
j= 1
where s is seen to be root mean square (rms) deviation of velocity values from 
the mean. The absolute dispersion is then defined as the standard deviation in this
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case. The relative dispersion is defined as
RelativeDispersion  =  AbsoluteDispersion/Average  (3*3)
The coefficient of dispersion or coefficient of variation (C V ) is defined just as 
the relative dispersion expressed as a percentage,
C V  =  ( s /V )  * 100. (3.4)
Fortran program PROG3AMOD.FOR (listing in Appendix A) computes the 
standard deviation and coefficient of relative dispersion for every one of the receiver 
stations locations of the area.
Figures 3.19, 3.20, and 3.21 are contour maps of the coefficient of variation 
of the compressional, shear(y), and shear(x) waves, respectively. It can be seen that 
the areal extent of higher coefficient of variation, (i.e., coefficient of variation I  20 %) 
is bigger for the shear(x) data, consistent with the fact tha t the shear(x) da ta  show 
the poorest data  quality. Compressional and shear(y) data, show a more restricted 
area where coefficients of variation greater than  20% are found.
3.7 Velocity Anisotropy
Anisotropy occurs in solids when the elastic properties of the medium change 
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F ig u re  3.21: Map of coefficient of variation of shear(x)-waves velocities of the re­
fractor.
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polarization of seismic waves (Justice et ah,1988).
In this study, a simple measure of anisotropy will be estim ated and mapped. 
The anisotropy will be estimated using the difference between shear wave veloci­
ties, i.e., Vahear(y) ~  K/iear(a:)• Compressional to shear-wave velocity ratios were also 
computed and mapped. In some situations Vp/V a can be a measure of lithology ( 
Sengbush, 1986; and Domenico and Danbom, 1988). Variations in this ratio may give 
us some idea of lithological changes.
3.7.1 Velocity Differences
D ata provided by Figures 3.17, and 3.18, i.e. shear(y)-, and shear(x)-waves 
velocities of the refractor, respectively, were used to generate the velocity difference 
map Vshear(y) — Vshear(x) or anisotropy map (see Figure 3.22) tha t will be analyzed in 
Chapter 5.
3.7.2 Velocity Ratios
Compressional and shear velocities of the refractor also are also used to gen­
erate the V p f  V s h e a r ( y )  ? ^ p / ^ s h e a r ^ x )  5 &nd Vsfoear^y) J  V s h e a r ( x ) '
The Poisson ratio, cr, is an elastic constant tha t relates velocities of the two 
types of waves and it is defined as
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T ab le  3.3: cr and Vp/V s values from Sengbush (1986); and Danbom and Domenico 
(1988).
cr Vp/Vs Comments
0 1.41 Least value for known media
0.10 1.50 Quartz Vp/Ve =  1.487
0.20 1.63
0.25 1.73 Steel, granite
0.30 1.87 Dolomite Vp/Va =  1-80
0.35 2.08 Calcite and Clay Dolomite Vp/ V s  =  1.931andl.936
0.40 2.45 Lead
0.45 3.32
0.50 Undefined Theoretical limit, fluid, Va =  0
when a body is stretched, and where Aa: =  relative lateral contraction, and A y  =  
relative longitudinal extension.
The equation tha t relates cr and Vp/V a is
ys2 =  y„2(l -  2<r)/2(l -  &) (3.6)
or,
<7 =  0.5[(Vp/V.) -  1 ]/[(W ) 2 -  !]• (3.7)
Table 3.3 shows a and Vp/V s measured for some solids.
Figures 3.23, 3.24, and 3.25 show the compressional-to- shear velocity ratios 
(for x and y component), and the shear(y)-to-shear(x) velocity ratio, respectively, for 
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The range of values for Figures 3.23 and 3.24 goes from about 1.75 to 3.00, 




The azimuthal analysis was performed using selected shot gathers from the 3D- 
3C seismic acquisition and determining the time shift between common first arrivals 
on shear(x) and shear(y) data  from common shot and receiver locations. The time 
shift was determined first by visual inspection and manual interpretation of first 
arrivals and then by an autom atic cross-correlation procedure.
4.1 Data selection and sorting
The data  were carefully reviewed to select the best shot gather for the three 
components used, i.e., p-waves, shear(x) and shear(y). The selected shot gathers were 
54041, 14041 and 16037, recorded during PATCH 1, and shot 126041 from PATCH 5 
(see Figure 4.1, for their locations). The quality of the remaining shot gathers was 
not good to perform the azimuthal analysis.
The data  were sorted by azimuth according to the following criteria:
a) Shot data were sorted in twelve 30-degree wedges. Recall from Chapter 2
T-4088 
Shot locations for azimuthal analysis 
16037 .... , .... 
~ shot location 
receiver lines 
........... ~ ... 
53 
Figure 4.1: Sketch showing the approximate locations of shots 14041, 16037, 54041, 
and 126041, where azimuthal analysis was performed. 
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th a t every shot had 200 stations recording the same data  type. The reference, or 
zero-degree line, is the one tha t passes through the shot location in the direction 
(S56°E) of the receiver lines.
b) Increasing angles are in the counterclockwise direction starting at the zero- 
degree, or reference, line.
c) Wedge 1 corresponds to the sector with azimuth in the range 0 to 30 deg. 
This criteria is continued to wedge 12 which includes stations with azimuths 330 to 
360 deg.
d) W ithin each wedge, the data  were sorted according to increasing offset. 
Figure 4.2 shows the areal distribution of trace data  for shot 16037. Large observed 
changes in arrival time between neighbor traces in a record come from different re­
ceiver lines.
4.2 M e th o d s  a p p lied  in th e  ana ly sis
Both visual and interactive correlation were used to analyze the sorted data. 
The objective was to get a good estim ate of the time shifts between the arrivals on 
the two orientations of shear data when we deal with different azimuth. Differences 
in time shifts will suggest the presence of anisotropy.
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v
F ig u re  4.2: Sorting trace data  of shot 16037. Some of the wedges have up to four 
offset ranges.
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4.2.1 Visual correlation of records
Compression- and shear-wave records corresponding to the 12 wedges of shots 
54041, 16037 and 14041 were analyzed to determine times of the  first arrivals and 
the time differences for the two shear components. The p-wave records showed good 
first breaks and high-frequency data. These attributes were not characteristic of the 
shear(x) and shear(y) data.
The time shifts between the two shear components differed for different wedges 
of the same shot.
Wedge 10 of shot 54041 shows different time shifts for the three offset ranges: 
1051 to 1185, 1851 to 2127 and 2650 to 3070 ft. In the first offset range, shear(y) 
first arrivals are later by about 50 ms than those for the shear(x); in the second, 140 
ms; and in the third approximately 150 ms. Similar time shifts are shown on wedge 9 
of the same shot. The other wedges, however, gave different values (see Figures 4.3, 
4.4, and 4.5).
Shots 16037 and 14041, although of poor-data quality, established th a t the 
time shifts are different from shot 54041 (not shown; displays in RCP files).
4.2.2 Interactive cross-correlation of records
D ata sorted in wedges for shots 14041, 16037, 54041, and 126041 were loaded 
onto an IBM RS6000 workstation for interactive analysis. An interactive seismic
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F ig u re  4.5: Shear(x) data, shot 54041, sorted in wedges.
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processing system, ProMAX from Advance Geophysical, was then used to obtain an 
objective estimate of the cross-correlation between equivalent wedges for the shear(x) 
and shear(y) data, i.e., in-line and cross-line components.
In the ProMAX system, the traces were cross-correlated to determine the time 
shifts of the input data. This process has the option of correlating adjacent traces 
(1-2, 2-3, etc.) or pairs of input traces (1-2, 3-4, etc.). The cross-correlation between 
pairs of traces was used in this case.
The radial data (in-line source and receivers) are recorded with negative polar­
ity by the geophones. The transverse data  (cross-line source and receivers), however, 
are recorded with the same polarity tha t they are generated. A change of polarity 
will then be required for the radial data before performing the cross-correlation with 
the transverse data (Dr. Edward W hite, personal communication).
• After testing, the final seismic processing flow was as follows:
1. Disk D ata Input
2. Trace Editing
3. Predictive Decon
4. Disk D ata O utput
5. Disk D ata Input
6. Predictive Decon
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7. Trace Header Math
8. Disk D ata O utput
9. Disk D ata Input
10. Ensemble/Combine Stack
11. Disk D ata O utput






18. Disk D ata Output
19. Disk D ata Input
20. Screen Display
21. SEG-Y O utput
22. Disk D ata Output
23. Disk D ata Input
24. Screen Display
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25. SEG-Y O utput
Steps 1 through 8 generate a composite record (see Figure 4.6) from the two 
records corresponding to the same wedge, i.e., same shot and station locations, for 
shear(x) and shear(y) data respectively. Traces for shear(x) da ta  in order of increasing 
offset are located first in the composite record followed by the shear(y) data. Trace 
Editing (step 2) is done to reverse the polarity of the shear(x) data. Trace Header 
M ath (step 7) has been used to reassign offset values to traces of shear(y) data. 
Steps 9 to 11 combine traces in pairs, with every other trace coming from sheax(x) 
and shear(y) wedges. The data are sorted in this combination record according to 
increasing offset (see Figure 4.7). Steps 12 to 18 display the cross-correlation results 
and generate a SEG-Y output (see Figure 4.8). Steps th a t follow create the displays 
and SEG-Y output of the composite and combination records. Screen Display (steps 
16, 20 and 24) displays the ProMAX output on the user computer terminal. SEG-Y 
O utput generates a SEG-Y file of the ProMAX display.
P lo t t in g  re su lts  of c ro ss-c o rre la tio n
The computer program STRIP HEAD.C was used to transfer the output of the 
ProMAX system to the Seismic Unix (SU) processing package. This program strips 
EBCDIC and binary headers contained in a standard SEG-Y data  file, so th a t the 
output file will have just the trace header in a format compatible with the Seismic
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Unix (SU) data  processing package. The data  can then be plotted via SU commands 
or shells.
Shells were generated for executing the program STRIPHEAD.C and also for 
generating hard copies of the products seen on the screen during the execution of 
ProMAX flow CROSS-CORRELATION.
SEG-Y OUTPUT steps were included in the flow sequence of the cross-correlation 
process. This SEG-Y output is the input to the shell for plotting results.
Three shells have been prepared to retrieve the hard copies of the composite, 
combination, and cross-correlation records respectively:
striphead< $1 I
supswigb perc=95 dl=4. title="x and y records, wedge7 shot56041" \ 
nlstic^lO n2stic=10 gridl=dot label2="Trace Number"\ 
labell-"Time (ms)" dlnum=100 nbpi=250 xlend=1000 | lpr -h
striphead < $ 1 I
supswigb perc=95 dl=4. title="x and y combination, wedgel2 shot56041"\ 
nlstic=10 n2stic=10 gridl=dot label2="Trace Number"\ 
labell="Time (ms)" dlnum=100 nbpi=250 xlend=1000 | lpr -h
striphead < $ 1 I
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supswigb perc=95 dl=4. title="Crosscorrelation x and y,wedge7 shot56041"\ 
nlstic=10 n2stic=10 gridl=dot label2-"Trace Number"\ 
labell="Time Shift(ms)" dlnum=100 nbpi=250 fl=-500 | lpr -h
To generate the plots, it is necessary to edit the shell changing just the title
and then execute the shell specifying the shell name and the SEG-Y output file name
/
obtained during ProMAX run.
The interactive measurement of cross-correlation between records allows a 
more objective estimate of the time shifts between shear data  than the visual cross­
correlation. As an example, Figures 4.6 through 4.8 show the composite, combina­
tion, and correlation (300-ms correlation window length) records, respectively, cor­
responding to wedge 10 shot 54041. Figure 4.8 clearly shows high amplitude peaks 
at the  times where the best similarity between shear components occur. The time 
shifts, trace by trace, average -86 ms for traces 5 to 7 (offsets from 1107 to 1185 ft), 
-160 ms for traces 8 to 18 (1851 to 2127 ft), and -178 ms for traces 19 to 34 (2650 to 
3070 ft).
Wedge 9 shows a similar variability for the time shifts with offset when it 
is compared to the results obtained for wedge 10, i.e., -73, -171, and -172 ms for 
the same offset ranges specified for wedge 10 (see Figures 4.9 and 4.10). Wedge 6, 














: lU . | - . U r
R  ,  • ! 1 ;  1 '  i j . l  , 1 i , , I  ;  '• • • ! •• ' ! !  '  1 ! !  j  M  ; ! i  1 '• I j  i J • i > • • , , I ' '
i 1 virirr Lf f7 f I H •> j 4-!•• -S**■ I-i-■!-r r r I;; i i } J|'V V Y ' •'''
' > i ■. ! >,! ■;) i ! 11! {S;»j !! i ! jk\  ‘»>i »> •,»' \ , ;, ■! \ j • • ■. !  * •; •) i .;
■ W  f m  1 i * . '  ! i .' ■! M i * SLt' •*. i i  1............. ....................................  1
■ v * r ; *i! •   ....... . Vi : ' ) t : I • :• •
V V j 1.' !*»»»►,'i •>11;)">! '■ i i " ' k V
x and y records, wedgel 0 shot54041
F ig u re  4.6: Composite record, wedge 10 shot 54041, formed by shear(x) and shear(y)
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F ig u re  4.7: Combination record, wedge 10 shot 54041, every other trace coming
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Crosscorrelation x and y, wedge*! 0 shot54041
Figure 4.8: Cross-correlation between shear(x) and shear(y) component, wedge 10
shot 54041, correlation window length =  300 ms. Time shift vs Offset plot has been
included as reference.
T-4088 68
approximately to the same direction as tha t in the in-line analysis.
The composite record corresponding to wedge 6 was not plotted but its indi­
vidual shear records can be observed in Figures 4.4 and 4.5. The last figure shows 
the shear(x) data  for the 12 wedges of shot 54041 without the polarity change.
The cross-correlation results for the other wedges in shot 54041 and the ones 
from shots 16037, 14041, and 126041 haven’t been included in this thesis because of 
their poorer quality. These outputs, however, were included in the RCP files.
Cross-correlation output values
The cross-correlation method, besides producing output records showing the 
time shifts between shear(x) and shear(y) components, also enables one to generate 
displays of time shift vs offset. These have been included in the lower part of the 
cross-correlation records (see Figures 4.8, 4.10, and 4.11). Table 4.1 shows the
results for the wedges of shot 54041, which has the best signal-to-noise ratio and also 
a good and consistent CCP. time (cross-correlation time shift in ProMAX). These 
shifting values can now be compared with those observed and estim ated from the 
cross-correlation records.
The azimuthal variation of time shifts between shear(x) and shear(y) compo­
nents allow one to infer the presence of azimuthal velocity anisotropy for the first 
refractor in the area. This is best illustrated by the results previously shown for shot 
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Figure 4.9: Composite record, wedge 9 shot 54041, formed by shear(x) and shear(y)
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Figure 4.10: Cross-correlation between shear(x) and shear(y) component, wedge 9
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F ig u re  4.11: Cross-correlation between shear(x) and shear(y) component, wedge 6
shot 54041, correlation window length =  300 ms. A time shift vs offset plot has been
included as reference.
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for wedges 10, 9, and 6, respectively. This means tha t azimuthal anisotropy possibly 
varies implying orthorhombic anisotropy may occur in this region. Negative time shift 
values indicate that shear(y) times are later than those for the shear(x) data. In other 
words, the shear(y) velocity of the refractor is slower than  the shear(x) velocity when 
we consider wedges 9 and 10. Wedge 6, however, shows a faster shear(x) velocity.
The distinctive time-shift variation with offset, seen on wedges 9 and 10, shot 
54041, can be interpreted as produced by the travelling of the wave through the 
refractor (interface). One of the sources of the delay between the two shear arrivals 
can be the orientation of fractures at the refractor level. The main break in the time 
shifts is located between 1185 and 1851 ft of offset. This time shift value is not seen 
in other wedges for the same shot or other shots.
The data statistically cannot be used to determine the compressional and shear 
velocities for the refractor from this azimuthal analysis because of the limited offset 
ranges of the data. For accomplishing with this goal, it is necessary to have a radial 
geometry pattern , i.e., the source located at the center of the spread and several 
recording lines in different azimuths. Another im portant factor to consider is the 
absence of a complete range of offsets in this study.
Unocal Science and Technology acquired a special seismic data  set in South 
Casper Creek Field consisting in several radial lines. This included radial and trans­
verse sources and receivers besides the compressional counterparts. The limitations
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mentioned in this study won’t be present in this data  set.
Cameron (1991) also performed another seismic acquisition in the the  area 
for studying the near surface. Cameron found a time shift of about 150 ms between 
the radial (.SV) and transverse (S H ) components, S H  being faster than  S V .  The 
orientation of the spread was approximately S57°W, i.e., it formed an angle of 23 
degrees with what I have called cross-line direction in this study. In other words, this 
line was included in the wedge 9 of shot 54041. The time shifts obtained by Cameron 
are similar to the values I obtained for wedge 9 when no polarity change was done to 
one of the components. No polarity change for the radial data was reported previous 
to the  comparison in the UNOCAL study.
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T ab le  4.1: Cross-correlation (time-shifts) between shear(x) and shear(y) data for 
shot 54041, wedges 6,9, and 10.
Wedge Rec. x Rec. y Rec. z Offset C CP. Time
6 648099 799729 5800 1552 128
6 648016 799785 5802 1646 130
6 647933 799840 5808 1740 132
6 647850 799896 5814 1835 131
6 647767 799951 5823 1931 130
6 647685 800007 5836 2026 130
9 648199 797730 5802 1080 -72
9 648116 797786 5806 1107 -76
9 648033 797842 5811 1143 -76
9 647951 797898 5813 1185 -69
9 647918 796955 5754 1851 -165
9 647835 797011 5766 1856 -174
9 647752 797067 5768 1867 -173
9 647586 797179 5774 1904 -173
9 647503 797235 5778 1930 -172
9 647420 797291 5785 1961 -172
9 647337 797347 5781 1997 -172
9 647254 797403 5770 2036 -170
9 647172 797459 5765 2079 -165
9 647470 796292 5722 2650 -168
9 647387 796348 5721 2654 -172
9 647304 796404 5720 2662 -172
9 647222 796460 5721 2673 -168
9 647139 796516 5722 2688 -170
9 647056 796572 5723 2707 -172
9 646973 796627 5724 2729 -171
9 646890 796683 5726 2754 -172
9 646807 796739 5728 2783 -176
9 646724 796795 5729 2815 -170
9 646641 796851 5731 2851 -175
9 646558 796907 5731 2889 -176
9 646475 796963 5732 2930 -175
9 646393 797019 5733 2974 -174




Wedge Rec. x Rec. y Rec. z Offset OCR Time
10 648697 797395 5768 1107 -88
10 648780 797339 5765 1142 -87
10 648862 797283 5767 1185 -82
10 648001 796899 5749 1851 -164
10 648083 796843 5747 1857 -169
10 648166 796787 5760 1868 -160
10 648249 796732 5767 1883 -160
10 648332 796676 5763 1904 -159
10 648415 796620 5767 1930 -158
10 648498 796564 5778 1961 -159
10 648581 796508 5780 1996 -155
10 648664 796452 5771 2036 -152
10 648747 796396 5767 2080 -161
10 648830 796340 5767 2127 -163
10 647553 796236 5724 2650 -167
10 648051 795901 5717 2727 -177
10 648134 795845 5717 2753 -178
10 648216 795789 5718 2783 -178
10 648299 795733 5718 2815 -186
10 648382 795677 5717 2850 -185
10 648465 795621 5715 2888 -182
10 648548 795565 5715 2930 -181
10 648631 795509 5716 2974 -178
10 648714 795453 5718 3021 -172




To relate the results obtained in Chapter 3 and Chapter 4 to geology several 
sources of information have been used:
- Topographic map of the field (see Figure 5.1) showing the variation 
of elevation in the study area. Receiver lines, in the direction along which 
the refraction analyses were performed, have been oriented parallel to the 
ridges on the surface.
- Structural profile (see Figure 5.2) tha t shows the approximate loca­
tion of Frontier sandstone outcrop and the interpreted configuration of the 
different upper formations in the area (Gilmore,1991). It illustrates tha t 
the subsurface structure is also influencing the near surface topography.
The receiver lines are oriented along structural strike so tha t there is a 
uniformity of lithology of the refractor along each individual receiver line, 
but not necessarily from line to line. This has im portant implications
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in the analysis of the data. T hat is to say, there is more reliability or 
certainty in the in-line analysis and less in the azimuthal or line to line 
interpolation of results. This doesn’t invalidate the results, but rather 
makes the data more subject to interpretation.
- Compressional 2D seismic section, in the dip direction, extracted 
from the 3D seismic volume, and time structure map to the top of the 
Tensleep formation (from Benson,1991). The upper event, corresponding 
approximately to the Top of Muddy sandstone, was interpreted in an 
a ttem pt to establish the area where the quality of the data  degrades (see 
Figures 5.3 and 5.4). This degradation occurs along the anticlinal axis, 
in the area where the events corresponding to the top of the Tensleep 
sandstone are affected by faulting and fracturing following this trend (see 
Figure 5.4).
- Student theses: (Vealey,1991), (Tanean,1991), and (Kramer,1991) in 
their observations regarding to fractures affecting the Alcova anticline, 
where the Tensleep sandstone outcrops, and the South Casper Creek oil 
field.
- and UNOCAL report (Cameron, 1991) about research conducted in 
the southwestern portion of the field. Cameron concluded th a t anisotropy 
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F ig u re  5.1: Topographic map of the field contoured by Surfer, using the elevations 
of every receiver station and every shot station of the 3D- 3C. Locations of the nine 
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F ig u re  5.2: Structural profile SW-NE showing the surface relief and the  configu­
ration of the different formations along a dip line through the anticline. Frontier 
sandstones have better resisted erosion at the surface (Gilmore, 1991) than  have other 
formations.
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F ig u re  5.3: SW-NE p-wave seismic section, along the dip at the center of the study 
area, extracted from the 3D volume. The section shows the top of the Tensleep 
formation (Benson,1991) and an event th a t has been interpreted as the top of the 
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F ig u re  5.4: Time structure map to the top of the Tensleep formation showing tha t 
the main faults at this level are oriented parallel to the axis of the anticline (Benson, 
1991). Out of the area between dashed lines the shallow reflector Muddy sandstone is 
readily interpretable and possibly not affected by scattering by faulting or fracturing.
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5.1 In -lin e  V elocity  A n iso tro p y
In Chapter 3 , the velocity anisotropy map, or V 8 h e a r ^y )  — Vrs/ieor(x)» shows that 
in the m ajority of the area Vshear(y), or shear velocity in the cross-line direction, is 
faster than  Vshear{x), or shear velocity in the in-line direction (see Figure 3.22).
For the in-line source and receiver (shear(x)) data, the denomination S V  will 
be used, with S H  for the cross-line source and receivers (shear(y)).
Three different orientations of shallow fractures have been considered for ex­
plaining the results of the anisotropy map. These different orientation or fractures 
can be expected to change the speed of shear-wave refractions in different ways.
Case 1 :
Vertical fractures oriented perpendicular to the in-line, or x, direction 
(see Figure 5.5). Isotropy is expected because both of the shear compo­
nents, i.e., S V  and S H  will be parallel to the fracture plane. Vsv should 
be approximately equal to Vs h )• In other words Vsh  ~  Vsv ^  0.
Case 2:
Vertical fractures oriented parallel to the inline direction (see Fig­
ure 5.6). Vsh  will be the slower velocity, because S H  is perpendicular 
to the fracture direction and S V  will be parallel to the fracture direction. 
Anisotropy is expected, with Vsh  — Vsv < 0.
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Vertical fractures perpendicular to the in-line direction
SH ¥ SV SHor
v, -  v.
F ig u re  5.5: Diagram showing shear particle motion. Refractor has vertical fractures, 
perpendicular to the in-line direction. Both components will be parallel to the fracture 
plane. Isotropy is expected, i.e., Vsh  — Vsv ~  0.
Vertical fractures parallel to the in-line direction
> V sh
or
V s > vy
F ig u re  5.6: Diagram showing shear particle motion. The refractor contains vertical 
fractures, parallel to the in-line direction. S H  will be perpendicular to the fracture 




V, < Vy 
or
Vy - Vx > 0
F ig u re  5.7: Diagram showing shear particle motion. The refractor contains horizon­
tal fractures. S V  will be perpendicular to the fracture direction, and Vsv will be the 
slower component. Then Vsh — Vsv > 0 (VJ, — 14 >  0).
Case 3:
Layering or horizontal fractures (see Figure 5.7). S V  will be oriented 
perpendicular to the fracture direction and S H , parallel to it. Vsv will be 
the slower shear component. Anisotropy is expected, with Vs h ~ V sv  >  0.
From the velocity anisotropy map it was concluded tha t for the m ajority of the 
study area Vy — Vx > 0, or Vsh — Vsv > 0. This can be interpreted as predominant 
horizontal fractures within the refractor in the study area. The higher positive values 
for V s h  — Vsv occur mainly close to the crest of the anticline, suggesting increased 
fracturing in this vicinity. There are, however, three small areas where Vsh —Vsv < 0, 
and vertical fractures parallel to the in-line direction can be expected; for example,
Horizontal layering or horizontal fractures
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see southeastern half of line 4 in Figure 3.22. According to the topographic map, 
see Figure 5.1, this zone on the surface corresponds to one of the resistant ridges of 
sandstones.
Interpretations regarding the presence of horizontal fractures within the re­
fractor are considered valid when the relative points are located over the same line. 
The interpretations are less reliable when we make comparisons of the shear velocity 
difference between points located in different lines. Because the refraction analysis 
was done along the near-surface strike, we can expect consistent refractors along those 
lines; we are likely to be dealing with different refractors when we go from one line 
to the next.
Since refractor velocities relatively unchanging, we expect th a t the presence 
of anisotropy in the in-line direction probably won’t be related to lithology changes, 
bu t to fractures.
Analyzing the refractor average velocity values in a line-by-line basis, we con­
clude tha t the shear(y) velocity is generally faster than the shear(x) for the study area 
(see Table 5.1 and Figure 5.8). The only exception is line 2. In Table 5.1 we observe 
the compressional and the two shear average velocities with their corresponding stan­
dard deviations, percentage of anisotropy, and Vp/Vy. Shear wave anisotropy has been 
determined as (V  ̂— Vx)/Vy. The variation in anisotropy line by line may be produc­
ing some problems detected during the processing of the shear data. The anisotropy
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T ab le  5.1: Summary of the information provided by Figures 3.16, 3.17, and 3.18. 
Average compressional and shear velocities, their corresponding standard deviation, 
anisotropy, and Vp/V y has been estimated line by line.
Line vP Vp Stdev vx Vx Stdev Vv Vy Stdev % Anisotropy Vp/Vy
1 9431 443 4027 464 4354 364 8 2.17
2 9463 618 4069 333 3849 267 -6 2.46
3 9951 544 4357 453 4753 719 8 2.09
4 9980 933 4364 557 4478 518 3 2.23
5 9165 1446 4316 511 4636 558 7 1.98
6 10164 807 4138 328 5062 926 18 2.01
7 9813 1163 3970 361 4587 706 13 2.14
8 10137 653 4495 442 4790 448 6 2.12
9 10834 1213 4130 528 4140 563 0 2.62
A ve. A n iso tro p y  : 9 %
(without considering lines 2,4,and 9).
variance of the near surface could cause distortion in the binning and stacking of the 
3D shear-wave data, and needs to be further investigated. The average shear-wave 
anisotropy has been estimated to be about 9 %
Tables 5.1 and 3.2 show similar average velocities for the refractor despite they 
have used different estimation procedures.
5.2 A z im u th a l A n iso tro p y
In Chapter 4, anisotropy has been measured as the time difference between 
the two orthogonal shear components for common source and receiver locations. This 
differential time delay, may be related to horizontal fracture density in the refractor
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Figure 5.8: Refractor velocity for the nine receiver lines of the study area. Shear(y) 
velocity is clearly higher than the shear(x).
(Davis and Lewis, 1990). In this analysis, the differential time is considered to be due 
to the travel time through the refractor.
The azimuthal analysis allows us to document changes in time shift between 
the shear(x) and shear(y) data when we move from one wedge to another. Wedges 
9 and 10 , shot 54041, show tha t shear(x) data times are shorter than  shear(y) 
data. The average time shifts in wedge 9 are -73, -171, and -172 ms for offset ranges 
(1107, 1185), (1851, 2079), and (2650, 3021) ft, respectively. Wedge 10, however 
shows average time shifts of -86, -160, and -178 for the same ranges of offsets (see 
Table 4.1). Wedge 6, in contrast, showed a time shift of about 130 ms, being shear(x)
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data  longer than the shear(y) data.
The possible explanation for the offset-dependence of time shift is tha t the 
longer the shear component travels through the refractor, the more time difference 
will result. This will be valid, of course, if the wave continues to travel in a fractured 
medium.
For wedges 9 and 10, the denomination will be SH and SV for shear(x) source 
and receivers and shear(y) source and receivers, respectively. When dealing with 
horizontal fractures, Vsh  will be the faster component because the SH direction will 
be parallel to the fracture plane. This means Vsh  — Vsv  >  0.
Wedge 6, shot 54041, as in the case of wedges 9 and 10, shows good quality 
first arrivals for both shear(x) and shear(y) data  or S V  and S H , respectively. Records 
show shorter time for the S H  data  than the S V  data. Then Vsh  ~  > 0. The
same explanation (horizontal fractures within the refractor) can be given in this case.
Recall from Chapter 4 that no computation of velocities has been made be­
cause the azimuthal data was not sufficiently dense to enable statistically significant 
determination of velocities. Another factor tha t played against velocity estimation 
for the refractor was tha t the acquisition geometry resulted in several gaps in the 
data  were several gaps in the data.
The results shown here regarding the time shifts obtained in wedges 9 and 10, 
shot 54041, differ from those mentioned by Cameron (1991). He found a time shift of
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about 150 ms between the radial (SV)  and transverse (SH)  components, being S H  
faster than SV.  It is im portant to consider that in that report no mention has been
made as to whether or not the radial or 51^ data were reversed in polarity. Radial in
th a t study corresponded to the shear(y) shot and receivers in this study. The spread 
they set out was oriented 557°W t i.e., forming an angle of 23 degrees with what 
I called cross-line direction in this study. The orientation of shot and receivers is 
included in wedge 9. If real, these spatial differences in anisotropy may be attributed 
to a mixture of horizontal and vertical fractures and result in orthorhombic anisotropy 
in the near surface.
The range of offset they used was 1898 to 2210 ft, while in this study the 
geometry enabled data collection from three discontinuous offset ranges, i.e. 1051 to 
1185, 1851 to 2079 and 2650 to 3021 ft.
The two studies were carried out independently.
5.3 S u m m a ry
Generally, the in-line analysis of the refraction data  is considered the most 
reliable. It is interpreted to show tha t Vy is approximately 7 to 22 % faster than Vx, 
implying velocity anisotropy in the range 6 to 18 %. Some of this anisotropy could 
be caused by lithology differences, but in a line-by-line basis the lithology of the 
refractor is not variant. Therefore, the interpretation is th a t the velocity anisotropy
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encountered in the in-line direction is caused dominantly by the presence of horizontal 
fractures in the refractor that are opened by stress relief near the top of the structure. 
This anisotropy may be greater in those subcropping units th a t are more sand-rich in 
lithology, i.e., sandstones. The variance in anisotropy from line-to-line is presumably 
a function of lithology and structural position on the anticline.
The interpretation of velocity anisotropy variation from line to line as revealed 
by anisotropy map, see Figure 3.22, is more subject to interpretation. Although the 
maps could have been smoothed they were not. Additional da ta  may eventually be 
added to help interpretation of these variations. Presently we see a pattern  of variation 
th a t suggests throughout most of the map area tha t velocity anisotropy exits in the 
refractor, and tha t the largest anisotropy is associated with the sandstone subcrops 
and near the top of the structure. This is not surprising if the cause of anisotropy is 
horizontal fracturing, as interpreted. The greatest unloading and stress relief should 
be coincident with the top of the structure. Unloading due to erosion is also greatest 
a t the top. Vertical fractures are also present at this structure. Refraction data, 
however, would presumably be more sensitive to horizontal fractures.
The geometry of shooting precludes a more in-depth analysis of the azimuthal 
data. This type of study is being conducted by Rob Kendall, on data  from a special­
ized survey recorded by UNOCAL and donated recently to the Project. Preliminary 
results indicate tha t there may be considerable spatial variance in velocity anisotropy.
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This may have im portant implications in the further processing of the 3D data set 
and may explain the poor results in processing of the shear data thus far.
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C h a p te r  6
C O N C L U S IO N S  A N D  R E C O M M E N D A T IO N S
In Chapter 1, INTRODUCTION, it was pointed out tha t the objective of 
this study was : “d o c u m e n t re f ra c to r  a n iso tro p y  in th e  su b su rfac e  a t  S o u th  
C a sp e r  C reek  F ie ld ” .
The conclusions extracted from this study can be summarized as follows:
1. Areal velocity distribution for the refractor has been estim ated. In-line refrac­
tion analysis of compressional velocities resulted in a range of compressional 
velocities from 9100 to 11000 ft/s . Shear wave velocities ranged from 3800 to 
5000 ft/s . High and low velocity trends can be observed in Figures 3.16, 3.17, 
and 3.18.
2. Shear velocity anisotropy has been found. Anisotropy has been determined as 
(Vv — Vx)/Vy, being Vy and Vx the cross-line and in-line velocity of the refractor, 
respectively. The range of anisotropies is 6 to 18 %, and the average 9 %. Az­
imuthal time differences have been estim ated by sectors and using data  acquired
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with another purpose. Radial seismic lines with sources and receivers located 
radially and transversely, and evenly spaced, should give better information 
about the azimuthal anisotropies.
3. The majority of the results are thought to be explained through horizontal 
fractures within the refractor. Surface geology shows th a t the Cretaceous sand­
stones in the area are fractured and tha t horizontal fractures are present in 
outcrop due to the relaxation of vertical stress caused by uplift and erosion.
The main conclusions in this report are:
• Complex anisotropy may occur in the near surface when horizontal and vertical 
fractures are present.
• Near-surface studies are a necessity in properly planning acquisition and pro­
cessing of shear data under these conditions.
The recommendations, based on the results of this study can be summarized
as:
- Seismic modeling should be done prior to any acquisition and or tes t­
ing. Field testing should be conducted using radial spreads with sources 
and receivers oriented radially and transversely with respect to the seismic 
line orientation.
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- Physical modeling studies, including tomography, trying to repeat 
in the laboratory the results seen here, i.e., horizontal fracturing causing 
anisotropy of refractor s-wave velocity. This should allow to see the effect 
of this near surface anisotropy in the subsurface seismic data. Changes in 
phase and amplitude of the shear data  depending on the azimuth should 
also be observed.
- Additional shallow VSP data  acquisition with a full range of off­
sets and azimuths should be collected and be accompanied by anisotropic 
modeling. The purpose of this investigation would be the documenta­
tion of anisotropy in the near surface and further understanding of the 
influence of this anisotropy on the 3D shear-wave data  recorded at South 
Casper Creek Field. Through this understanding perhaps new approaches 
to shear-wave processing and imaging can be found.
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* — —  --------------------------------------------------------------------------------------------------------------—  — —  —
* PROGRAM PR0G1.FOR
*
* This program computes the offsets( shot-receiver distances) for
* every trace corresponding to all of the shots of a receiver line
* selected for refraction analysis purposes. It also, generates a
* series of files where the most important ones are the pltfile and
* the negative and positive slopes files. The first one will allow
* to get the time-distance graphs and the last ones the velocities
* for the first refractor.
* IMPORTANT: For executing this program, it must be linked first to
* the IMSL Library using the following command:
* LINK PR0G1, LBY:IMSL.OLB/LIB,
* because PR0G1.F0R call the soubroutine RLINE in IMSL.
 *-------------------------------------------------------------------------------------------------------------------------------------------------------------
* MAIN VARIABLES:
* XS, YS, ES Latitude, longitude and elevation of the
* source( shot).
* XSTA, YSTA, ESTA Idem for the station.
* TI100 First arrival time picked using the Green
* Mountain Package( GMP), in milliseconds*
* 100 .
* SLOPE Slope of the t-d pairs of values.
* SN Number of shots of the receiver line.
*









































IF(DELTAX.LT.O.) GO TO 20 
PLTDIST = DIST 
SGNDIST = DIST 
GO TO 30 
20 PLTDIST = 4020.-DIST
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SGNDIST = (-1)*DIST 
30 CONTINUE
IF((TI100.EQ.-1.).OR.(TI100.EQ.0.)) GO TO 40 
TI = TI100/100
GO TO 50 







IF((SGNDIST.LE.-500.).AND.(SGNDIST.GE.-2000.)) GO TO 200 
IF((SGNDIST.GE.500.).AND.(SGNDIST.LE.2000.)) GO TO 300 
GO TO 400 







GO TO 400 






400 IF(MOD(I,40).NE.0) GO TO 10 
IF(J.LT.8) THEN
CL0SE(UNIT=13,DISP0SE=’DELETE’)






































* This program computes the projected locations of the shots used
* in the refraction analysis onto the corresponding receiver line.
* The zero distance for the time-distance graphs in this case will
* be the projected location of the eastermost shot for the line.This
* will be considered as the reference shot with respect to which
* all the shot and trace locations will be computed.
 *-------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* MAIN VARIABLES :
* NS Number of shots of the receiver line.
* SRN Shot reference number.
* FSTAN,LSTAN First and last station number for the
* line.
* XSRP,YSRP Projected latitude and longitude of the
* reference shot point .
* SLCN Projected distance onto the receiver line
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* from the reference shot to the actual shot.
*



























PRINT*,’Shot reference number ???’
PRINT*,’ ’
READ*, SRN
PRINT*,’The value of SRN is : ’,SRN 
*












PRINT*,’Shot number ’,M 







PRINT*,’ XSP AND YSP values are :’,XSP,YSP 
SLCN =SqRT((YSP-YSRP)**2+(XSP-XSRP)**2)
PRINT*,’Proj. dist. ref. shot’,SRN,’ to shot’,M , * is’,SLCN 
GO TO 250 
200 SLCN =0.
PRINT*,’shot ’,M,’ is the ref. shot for the line’
250 CONTINUE





















IF( K.GT.N) GOTO 1000 





















* This program computes the velocity of the refractor through the
* same subroutine RLINE of the IMSL Library. The velocity is com-
* puted for every shot and taking a sliding window that consider just
* five(5) stations in the range of offset from 500 to 2000 feet.
* The computed value is assigned to the station located at the
* center of the window. This procedure is repeated until the 40
* traces of a shot have been used and also for the total number
* of shot in a line and lines(9) in the project. Because in
* every station it can be a lot of velocity values , a procedure
* called M E D I A N  has been used for determining the most repre-
* sentative value at this location.
*
* The output of this program will be used to generate automatic con-
* touring for the areal distribution of velocities, a
*
* IMPORTANT: Remember that for running this program is necessary
* first to link it to the IMSL Library ,i.e.:
* LINK PR0G3,LBY:IMS.0LB/LIB.
 *--------------------------------------------------------------------------------------------------------------------------------------------------------------
* MAIN VARIABLES :
* MED Median velocity value for every one of
* stations. ( in feet/sec)
* INP(j,4),INP(j,5) Station cooordinates, i.e. , latitude
* and longitude.
* NS Number of shots of the input line.
T-4088 104
INTEGER SNC1500)












PRINT* , 3 Input and output file names ??’





GO TO 4 
ENDIF
2 PRINT*,* *















DO 10 1=1,NS 




















IF (TESTER) 55,60,65 
55 DEC=DEC+1 
GO TO 70 
60 GO TO 40 
65 INC=INC+1 
GO TO 70 
ELSE










IF (SLOPE.EQ.O.) GO TO 40 
VEL=1000./SLOPE 
IF (J.LE.40) THEN
OPT(K,J-2) = VEL 
GO TO 75 
ELSE 
REM=MOD(J,40)
IF (REM.EQ.O) THEN 













DO 800 J=1,40 
LARRAY*0 
DO 700 1*1,NS















































IF(RRA.LT.RA C J))THEN 
RA(I)=RA(J)
I=J
























* This program computes the velocity of the refractor through the
* same subroutine RLINE of the IMSL Library. The velocity is com-
* puted for every shot and taking a sliding window that consider just
* five(5) stations in the range of offset from 500 to 2000 feet.
* The computed value is assigned to the station located at the
* center of the window. This procedure is repeated until the 40
* traces of a shot have been used and also for the total number
* of shot in a line and lines(9) in the project. Because in
* every station it can be a lot of velocity values , a procedure
* called M E A N  average has been used for determining the most
* representative value at this location.
*
* The output of this program will be used to generate automatic con-
* touring for the areal distribution of velocities.
*
* IMPORTANT: Remember that for running this program is necessary
* first to link it to the IMSL Library ,i.e.:
* LINK PR0G3,LBY:IMS.0LB/LIB.
 *   • -----------------------------------------------
* MAIN VARIABLES :
* AVEVEL Mean average velocity (in feet/seconds).
* INP(j,4),INP(j,5) Station cooordinates, i.e. , latitude
* and longitude.
* NS Number of shots of the input line.
INTEGER SN(1500)




















GO TO 4 
ENDIF
2 PRINT*,’ ’















DO 10 1=1,NS 























60 GO TO 40 
65 INOINC+l 
GO TO 70 
ELSE










IF (SLOPE.E Q . O . )  GO TO 4 0  
VEL=1000./SLOPE 
IF (J.LE.40) THEN
OPT(K,J-2) = VEL 
GO TO 75 
ELSE 
REM=MOD(J,4 0 )
IF (REM.EQ .O)  THEN 












* WRITE(11,*),((O P T(I, J) , J=1, 4 0 ) ,I=1,NS)

























* This program is a modified version of PR0G3A.F0R. Then besides of
* computing the mean average velocity at every station location, it
* also allows to get the standard deviation of this value and the
* coefficient of variation or relative dispersion of the velocity
* values.
*
* The output of this program was used to produce contour maps of the
* relative dispersion .
* IMPORTANT: Remember that for running this program is necessary
* first to link it to the IMSL Library ,i.e.:
* LINK PR0G3,LBY:IMS.OLB/LIB.
 *--------------------------------------------------------------------------------------------------------------
* MAIN VARIABLES :
*
* STDDEV Standard deviation of the velocity values
* at the station location.
* COEFVAR Coef. of variation or relative dispersion,
* defined as STDDEV/AVEVEL.



























OPEN(UNIT=10,FILE=INPFILE,STATUS= ’ OLD ’ )
PRINT*,’ ’
4 PRINT*,’ ’









DO 10 1=1,NS 




















IF (TESTER) 55,60,65 
55 DEC-DEC+1 
GO TO 70 
60 GO TO 40 
65 INC=INC+1 
GO TO 70 
ELSE










IF (SLOPE.EQ.O.) GO TO 40 
VEL-1000./SLOPE 
IF (J.LE.40) THEN
OPT(K,J-2) = VEL 
GO TO 75 
ELSE 
REM-MOD(J,40)
IF (REM.EQ.O) THEN 




































* Output file will contain data sorted as follows:
**** FIELD 1 - LONGITUDE
**** FIELD 2 - LATITUDE
**** FIELD 3 - AVERAGE VELOCITY (FEET/SECONDS)
**** FIELD 4 - STANDARD DEVIATION
**** FIELD 5 - COEFFICIENT OF VARIATION OR RELATIVE DISPERSION
WRITE(11,2222),INP(J,4),INP(J,5),AVEVEL,STDDEV,
+ COEFVAR
ENDIF
800 CONTINUE 
900 CONTINUE 
1000 STOP
1111 F0RMAT(1X,2(F8.0,IX))
2222 F0RMAT(1X,5(F8.0,IX))
END
